The accuracy of surface meteorological measurements is vital to derive accurate Global Positioning System (GPS) Precipitable Water Vapour (PWV) data. However, in absence of surface meteorological data, data from Numerical Weather Prediction Models (NWP) are used. The accuracy of these models varies depending on the model, region, season and other climatic conditions. In this study, GPS data for derivation of PWV is collected from 13 geodetic permanent stations for the years 2013 to 2016. Five out of 13 GPS stations are equipped with meteorological sensors. The interpolated European Centre for Medium-Range Weather Forecasts (ECMWF) 5th Re-Analysis (ERA5) dataset at these locations is first validated using the meteorological data from these sensors. The assessment shows that the average root mean square errors (RMSE) of surface pressure and temperature values are about 0.72 hPa and 1.04 K respectively. PWV determined also requires information on the weighted mean temperature (T m ); the T m at the 13 GPS stations was also evaluated using three methods: the temperature and humidity profiles from ERA5 (ERA5 T m ), as well as the T m derived from Bevis and Yao T m -T s relationships. The T m derived from ERA5 was used as a reference to assess the errors of the Bevis and Yao T m . The comparisons show that the average RMSE values of T m derived from the two methods are 2.05 K and 2.02 K respectively. The GPS PWVs calculated using the ERA5 interpolated data (GPS ERA5 PWV) were compared to GPS PWV calculated using the sensor meteorological data (GPS MET PWV) at the 5 stations. The GPS ERA5 PWV values were used as the reference. The RMSE values of the two PWV datasets are in the range of 0.19 mm to 0.90 mm with overall average value of 0.44 mm. Also the computed ERA5 PWV data are compared to GPS ERA5 PWV at the 13 stations. ERA5 PWV values were used as the reference and the RMS errors of the two PWV values are in the range 1.35 mm to 2.25 mm with the overall average value of 1.66 mm. Regarding the seasonal variations, the stations between latitudes 4 S and 4 N and latitudes 12 S to 4 S have the highest PWV values in spring and summer while the lowest values occur in summer and winter respectively. Ó 2020 COSPAR. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/ by-nc-nd/4.0/).
Introduction
Atmospheric water vapour is an environmentally significant part of the atmosphere with approximately 99% of it contained in the troposphere and 1% in the stratosphere. The main source of water vapour is the evaporation from water bodies and transpiration by plants and its content depends on the local geographic conditions and meteorological phenomena. It exhibits spatial-temporal variability (Namaoui et al., 2017; Alshawaf et al., 2017) . It is one of the fundamental greenhouse gases which contributes to the Earth's natural greenhouse effect which keeps the surface of the Earth warmer and liveable (Wang et al., 2017) . The condensation of water vapour to liquid or ice phase is responsible for clouds, rain, snow, and other precipitation, all of which count among the most significant elements of weather (Moustafa, 1992) . As water vapour moves in the atmosphere, it redistributes energy or latent heat of vaporization, which is released through condensation (Li et al., 2014) . This is one of the most important conditions in the atmospheric energy budget on both local and global scales and is an important climate variable in most major weather events such as tropical cyclones and severe thunderstorms (Sharifi et al., 2015; Zhang et al., 2018) . Therefore, understanding and monitoring the quantity and distribution of atmospheric water vapour, and the effects on atmospheric radiation and circulation, is vital in the analysis and forecast of short and long-term changes in climate.
The measurements of water vapour may be expressed in terms of precipitable water vapour (PWV), which is the total atmospheric water vapour contained in a vertical air column of unit area from the Earth's surface to the top of the atmosphere (Alshawaf et al., 2017) . The spatial and temporal variability of water vapour makes it a very difficult parameter to measure (Namaoui et al., 2017) . The introduction of radiosonde in 1940s (Durre et al., 2006) , partly improved the availability of precipitable water vapour data, albeit at very low spatial and temporal resolutions. Currently, many observational techniques are being used in the measurement of the precipitable water vapour measurements. These include radiosondes, ground-based upwardlooking radiometry, satellite-based downward-looking radiometry (Bevis et al., 1992) , Light Detection and Ranging (LIDAR) systems (Gerding et al., 2004; Kuwahara et al., 2008) , GPS and sun photometers (Bock et al., 2007b; Campanelli et al., 2018) . Also, algorithms and techniques to derive the PWV from temperature measurements by infrared radiometers have been considered (Maghrabi, 2009; Maghrabi and Clay, 2010) . However, some of these techniques have limitations which have affected the accuracy of water vapour measurements. Some measurement techniques such as LIDAR are too expensive and are missing in most parts of Africa, including East Africa. Others such as space-based instruments have low resolution, while the radiosondes offer limited coverage.
Ground-based GPS receivers are capable of providing PWV with a high temporal and spatial resolution (Yunck et al., 2000) . Compared to other techniques, they offer a number of advantages which include the capability to provide continuous data of good quality under all weather conditions and above all surfaces (Hagemann et al., 2003) . Since 1992, Global Positioning System (GPS) has been presented as an efficient meteorological tool (Bevis et al., 1992) and is being increasingly used for estimating atmospheric parameters such as precipitable water vapour (Gendt et al., 2004; Alshawaf et al., 2015) . The GPS PWV observations have many applications, including calibrating or validating water vapour observations generated from other sources such as radiosonde observations and satellite water vapour observations with high accuracy (Kö pken, 2001; Bock et al., 2010; Buehler et al., 2012) , monitoring climate change (Yuan et al., 1993) , and assimilation into numerical weather prediction models in order to increase on both short-term and long-term weather prediction accuracy (Vedel and Huang, 2004; Gendt et al., 2004; Bock et al., 2005; Bennitt and Jupp, 2012) .
Although studies on estimating PWV using groundbased GPS measurements has been done in Africa, e.g. Bock et al. (2007a) , Combrink et al. (2004) , Mengistu et al. (2015) , Abraha et al. (2015) , Namaoui et al. (2017) , the East African tropical region has not yet been addressed due to limited GPS networks, lack of accurate and reliable surface meteorological data and other ground-based atmospheric observing systems, as well as large data gaps, as also observed for other regions of Africa by King et al. (2003) and Bock et al. (2007b) . This, therefore, calls for an in-depth study of water vapour estimations in the East African tropical region, because the studies carried out over Africa such as Bock et al. (2007b) , used scattered GPS receiver stations which makes these studies hardly represent the whole continent. Also the content of the atmospheric water vapour varies greatly in magnitude and distribution in a given location depending on the season, latitude, surface altitude and whether the atmosphere is located above land or water. Africa, however, has recently seen an increase in the GPS ground receiver sites for geodetic studies for some regions such as northern Africa and the African Monsoon Multidisciplinary Analyses (AMMA) project over West Africa (Bock et al., 2007b; Koulali et al., 2011) . East African tropical region has also recently benefited from the AfricaArray (AA), which has created a multidisciplinary research network for the broader Earth science community, by installing continuous GPS instruments fitted with meteorological (MET) sensors.
The estimation of PWV using GPS technology, begins with estimating the zenith total delay (ZTD). Using GPS processing software, ZTD can be precisely estimated depending on satellite geometry, quality of the mapping function, and data availability (Luo et al., 2013) . The ZTD can be divided into two components: a hydrostatic component mainly caused by dry gases of air (ZHD), and a non-hydrostatic (wet) component (ZWD) due to water vapour (Davis et al., 1985) . For GPS signals, the tropospheric delay can be over 2 m at the zenith and it increases to more than 10 m for an elevation angle of 10 (Luo et al., 2013) . The ZHD contributes approximately 90% of the magnitude of the ZTD and since it can be estimated fairly accurate, the ZWD in this study will be estimated as unknown parameter as cited in Dach et al. (2015) and Herring et al. (2015) . The accuracy of PWV depends on the accuracy of estimated ZWD, which also depends on the accuracy of ZHD. However, the accuracy of ZHD highly depends upon the accuracy of the surface meteorological measurements, as well as the selected ZHD model. Although the East African tropical region has seen an increase in the GPS ground receiver sites, estimation of PWV is still a challenge due to limited or lack of accurate and reliable surface meteorological data and, as well, large data gaps in the already scarce data. Lack of accurate meteorological measurements affects the accuracy of the Global Positioning System (GPS) Precipitable Water Vapour (PWV). If surface meteorological data are not available, data from Numerical Weather Prediction Models (NWP), e.g. the European Centre for Medium-Range Weather Forecasts (ECMWF) (Alshawaf et al., 2017) , or alternatively, empirical meteorological models such as Global Pressure and Temperature (GPT) (Boehm et al., 2007) , may be applied. However, the accuracies of these models vary depending on the model, region, season and other climatic conditions. This therefore led to a study to assess the performance of ECMWF pressure with respect to available surface pressure observations in estimating the PWV from GPS data over the East African tropical region. This study will then assess whether ECMWF model level data can be applied to other areas without any surface meteorological data in estimating the PWV from GPS. The complex terrain of this region, unique from the rest of Africa also motivated the study to assess the performance of the earlier ECMWF re-analysis PWV with respect to coincident measurements from GPS. This is because several studies e.g. (Bock et al., 2005; Bock et al., 2007b; Koulali et al., 2011) have shown that ERA-Interim PWV has a good agreement elsewhere in the African continent with different terrain as compared to the East African tropical region.
The accuracy of the estimated Precipitable Water Vapor (PWV) from ground-based GPS has been investigated by many studies outside the African continent. The Root Mean Squares (RMS) of GPS PWV with respect to other independent observations has been reported for many countries/regions such as North America with about 2 mm, Europe and Australia, with about 2.6 mm at global International GPS Service (IGS) stations, 3.7 mm in Japan (Ohtani and Naito, 2000; Li et al., 2003; Gendt et al., 2004; Dietrich et al., 2004; Deblonde et al., 2005; Sibylle et al., 2010) as also cited by Sharifi et al. (2015) and 1.5 mm for Tehran (Sharifi et al., 2015) . However, the accuracies of GPS PWV in some parts of Africa have also been investigated by comparison studies of GPS PWV with other independent observations. For instance, Bock et al. (2007b) used some scattered GPS receiver stations over Africa and compared them to 40-year ECMWF Re-Analysis (ERA-40) (an earlier re-analysis by ECMWF) and National Centers for Environmental Prediction reanalysis 2 (NCEP2) model simulations. A good agreement between ERA-40 PWV and GPS PWV at some GPS sites in western and northern Africa was found. Also, a study by Bock et al. (2011) found a relatively good agreement between GPS PWV and ERA-Interim PWV with respect to those between GPS PWV and other reanalyses such as NCEP2 over Western Africa. Generally, ERA-Interim PWV has been found to have a good agreement with GPS PWV in some regions of the African continent (Bock et al., 2005; Bock et al., 2007b; Koulali et al., 2011) of less complex topography compared to East African tropical region. However similar studies in more topographically complex regions similar to the East African tropical region have been carried out e.g. by Mengistu et al. (2015) . From the comparison between GPS and ERA-Interim PWV over Ethiopian GPS stations, the study showed differences in the magnitude and sign of bias of ERA-Interim with respect to GPS PWV from station to station. Also, a comparison between GPS and ERA-Interim in Algeria showed a large difference of 4 mm in the highlands region and this was linked to the topography differences (Namaoui et al., 2017) .
In this study, a network of 13 GPS stations equipped with dual-frequency receivers, 5 of which are equipped with meteorological sensors were used and data from each station were processed independently in Precise Point Positioning (PPP) mode to estimate ZTD from which PWV is derived. The performance of the ECMWF model level data and the available surface pressure observations in estimating the PWV from this network of ground-based GPS receivers in East African tropical region ( Fig. 1) is analysed. Also the performance of GPS PWV and the ERA5 PWV from ECMWF is analysed.
Data and methodology

Area of study
The area of study lies within the latitude range 12 S to 4 N and longitude range 28 E to 44 E, which is part of the East African tropical region. It covers Kenya, Rwanda, Tanzania, and Uganda, which are also part of the Great Lakes region, neighbouring the Indian Ocean (Fig. 1) . The East African tropical region partly covers the highest and the lowest points of the African continent. It is a region of strong elevation gradients with diverse topographical environments. Between 10 S and 4 N, lies the East African Highlands following the eastern and the western Rift valleys. These include the Kenya Highlands, at an average elevation of 1,500-2,500 m flanked by two highest Africa's mountains which include Mt. Kenya at an elevation of 5,199 m and Mt. Kilimanjaro at 5,895 m.
The region is also occupied by the western Rift Mountains with peaks above 3,000 m, among which Mountain Rwenzori at an elevation of 5,109 m. These highlands have a major impact on the regional climate (Slingo et al., 2005) . The Eastern Africa tropical region exhibits a number of large water bodies, including Lake Albert (5,300 km 2 ), Lake Edward, Lake Kivu, Lake Tanganyika (32,900 km 2 ) and Lake Victoria (68,800 km 2 -the second largest freshwater Lake in the world), which are also important regulators for climate in the region (Thiery et al., 2015) . For example, Lake Victoria drives Land-Lake breezes, which explains the convective activity over the Lake. The region is also dominated by rainfall tropical forests across parts of Kenya, Tanzania, and Uganda, often on steep slopes.
Being crossed by the equator, the Eastern Africa tropical region is directly affected by seasonal changes in the Hadley circulation with a twice-a-year migration of the Intertropical Convergence Zone (ITCZ) (Nicholson, 1996) . This migration is accompanied by a change in the direction of the wind, from a northerly direction in boreal winter to a southerly direction in boreal summer, demonstrating the nature of monsoons. For the region between 4 S and 4 N, temperatures vary seasonally by not more than 5 C, with the smallest range less than 2 C occurring along the equator. In this region, highest temperatures are generally experienced in February and March before the main rains, while lowest temperatures are experienced in July and August, during the relatively dry cloudy season. The sea influence makes minimum temperatures along the coast relatively higher between 18 and 22 C than inland 10.4 C (Camberlin, 2018) .
These are single-peak regimes for mostly the region between 12 S and 4 S and double-peak between 4 S and 4 N ( Fig. 1 ). The region with single-peak regimes has a summer maximum corresponding to the ITCZ because of its location in the Southern hemisphere, with relatively heavy rainfall amounts from November to April (Camberlin, 2018) .
The region which exhibits double-peak regimes receives rains in the transition seasons of March-April-May (MAM) and October-November-December (OND). The MAM season is called the long rains and OND referred to as short rains season. The lower rainfall amounts are found in the OND season as compared to the MAM season due to the Western Indian Ocean sea-surface temperature (SST) being lower in OND. This results in a drier, more stable atmosphere (Yang et al., 2015) and an equatorial westerly flow from the western to the eastern Indian Ocean associated with moisture (Camberlin, 2018) . The OND rains increase when easterlies are stronger (Camberlin, 1997) , resulting in the eastern side being wetter than in MAM, where more rain is linked to westerly anomalies. The MAM and OND seasons are separated by two dry seasons, of which the boreal summer between June and September is the longest and driest. The boreal summer dryness is caused by stable southeasterlies (Yang et al., 2015) and over a third of the rainfall maximum is found in this season as a due to presence of mid-tropospheric moist westerlies and a low pressure anomaly (Davies et al., 1985) .
Therefore land surface heterogeneity arising from the contrasted topography and the presence of major water bodies accounts for a number of local and regional scale winds, of great importance to rainfall distribution in the region. Also the complex terrain of this region, unique from the rest of Africa, results in a vast diversity of climatic conditions that steer a wide range of vegetation landscapes, biodiversity and human occupations.
Meteorological parameters
The set of meteorological parameters applied in this study consists of temperature and pressure from surface observation and the ECMWF model (Table 1) . Surface pressure and temperature data with a sampling interval of 5 min (300 s) were obtained from ftp://data-out.unavco.org/pub/rinex/met/. They were measured by Vaisala HMP45A-P and WXT520 sensor models with pressure and temperature accuracy of 0.1 hPa and 0.2 C, respectively. The height difference between the meteorological sensors and GPS receiver of each station ranged between À3.4 m and 0.8 m where a negative difference means the sensor height is below the GPS station height.
Out of the 13 GPS stations used in this study, only 5 stations (Arusha (ARSH), Dodoma (DODM), Mbeya (MBEY), Mtwara (MTVE) and Kigali (NURK)) are equipped with meteorological sensors. These stations are homogeneously distributed in the area under study, with stations ARSH and NURK located in the region characterized by a bimodal rainfall distribution and stations MBEY, DODM and MTVE, located in region characterized by unimodal rainfall distribution. The altitude range among the five stations is from À11.4 m to 1700.5 m. This altitude range covers 11 GPS stations with the exception of MOIU located at 2201.5 m above sea level and MAL2 at À20.9 m below sea level. Therefore, the 5 stations represent well the region under study.
Although the period of study is from 2013-2016, depending on the available data, the surface meteorological data available for the stations is only between 2013 to 2015.
ERA5 Reanalysis data
The pressure, temperature and humidity values were also obtained from the ERA5 reanalysis data as explained below.
ERA5 is the latest generation of ECMWF global atmospheric reanalysis from 1979 to present, produced by the ECMWF (Hersbach and Dee, 2016) . In this study, the horizontal resolution of 0.25 Â 0.25 is applied. The model has a vertical dimension of 137 model levels with the model top about 80 km, and 6 h temporal resolution.
A more detailed description of how model levels should be interpreted is available in the IFS documentation Part III-chapter 2 available at: https://www.ecmwf.int/sites/default/files/.
The geometric altitudes were calculated according to Mahoney (2001) and Lewis (2007) . Vertical profiles at the station location are extracted from the gridded ERA5 fields by bilinear interpolation between the nearest 4 grid points. The PWV is calculated from the available specific humidity, pressure and temperature profiles:
where q w is the water density (1000 kgm À3 ), g is the gravitational acceleration at the station model level altitude, qðP Þ is the mixing ratio (g/kg) of water vapour. The station altitude can be below the lowest model level of ECMWF since ECMWF only represents the data for the grid box; in that case, the profiles are linearly extrapolated. The height differences between GPS stations and interpolated nearest model grid points in this study, range from À582.20 m to +184.44 m, where a negative difference means GPS height is below the model surface as shown in Table 1 . 1 and Table 1 show the geographical locations of the selected GPS stations from which data are collected to obtain PWV. All the stations are equipped with dualfrequency receivers; some have an observation recording rate of 15 s and others 30 s. The GPS data were processed independently in PPP mode to estimate ZTD using goGPS v1.0 beta1 as the processing software package. goGPS is a MATLAB based GNSS processing software (Realini and Reguzzoni, 2013; Herrera et al., 2016) , developed for kinematic applications originally but can also fit quasi static applications. In PPP mode (Zumberge et al., 1997) it can be used to estimate ZTD parameters for meteorological applications (Barindelli et al., 2018; Krietemeyer et al., 2018; Ssenyunzi et al., 2019) . The parameters used for the processing of the GPS data can be found in Table 2 .
The PWV is estimated by employing meteorological data measured directly at the GPS site and from the ECMWF re-analysis. For each GPS site, the meteorological data is interpolated to the GPS height (Gendt et al., 2004) . The ZHD at the GPS sites is then calculated according to the Saastamoinen model (Saastamoinen, 1972) .
where h is the height of the surface above the geoid (in metres) and / is the latitude of the station. P GPS is the corresponding air pressure at the station in hPa. The air pressure P GPS at the GPS site in Eq.
(2) is obtained by vertically interpolating the surface pressure P s using the barometric formula:
where T is the standard temperature of the atmosphere at sea level, Dh is height difference between the GPS antenna and the meteorological sensor, R(8.31432 Jmol À1 K À1 ) is the universal gas constant for air, M d (0.02896 kg mol À1 ) is the molar mass of dry air and g (9.80665 ms À2 ) is the gravitational acceleration.
In the troposphere, the temperature is related to the elevation change using the following linear relation:
where T GPS and T s are the surface air temperature at the GPS site and meteorological sensor in Kelvin, L is the temperature lapse rate. By analyzing the ERA5 temperature profiles, the mean temperature lapse rates, over the 4 years of ERA5 data of this altitude interval, at different stations were computed.
where DT is the difference between the interpolated model temperature at the station height and the temperature at the lowest model level, Dh is the difference between the model station height and the model surface height. The mean values of L applied in this research, for the five stations, are shown in Table 5 . The L for NURK (1:49 K/km) was found to be positive, the vertical interval was though very small (about 60 m), and values show a large scatter. Also, according to Hagemann et al. (2003) , for a few occasions, it is possible that the lapse rate is positive. Following that work, this could cause an erroneous computation of temperature and hence PWV. However in this study here, the results of GPS PWV were very similar when compared to those computed using the standard lapse rate of À6:5 K/km. After the ZTD and ZHD are calculated, the zenith wet delay (ZWD) is also obtained from:
Then ZWD is converted into PWV using the conversion factor Q (Bevis et al., 1994) :
The conversion factor is calculated using measurements of surface temperature. Askne and Nordius (1987) , determined the conversion factor as
where q t is the density of water and R t is the specific gas constant of water vapour (461.5 Jkg À1 K À1 ). The T m is the weighted mean temperature of the atmosphere given by Davis et al. (1985) as 
In this study, T m is calculated from the vertical profiles of P t , the partial pressure of water vapor and T, the temperature derived from ERA5 model.
The T m can also be estimated from the station temperature T s (in K) observations using a linear empirical relationship of T m and T s such as that developed by Bevis et al. (1992) .
The Bevis et al. (1992) model was developed based on 8718 radiosonde data profiles from 13 sites in the United States over 2 year period (1990-1991) . The Bevis relationship has been widely used in derivation of PWV/IWV such as (Karabati et al., 2011; Xu et al., 2012; Mengistu et al., 2015; Alshawaf et al., 2017) . However, Ross and Rosenfeld (1997) and Wang et al. (2005) discovered that the Bevis relationship is limited especially in the tropics. This implies that Bevis model cannot represent the actual climatic condition globally. Efforts have been made to improve the global T m models such as that developed by Yao et al. (2014) . They carried out a study to adjust the Bevis model where 135 globally distributed radiosonde stations were utilized over 10-year period and derived the following global T m -T s relationship
Precipitation and SST data
As mentioned, SST and precipitation influences the climate in the investigated region. Precipitation data is obtained from version 2.3 of the Global Precipitation Climatology Project (GPCP) monthly precipitation dataset from 1979 to present (Huffman et al., 2009) , which combines gauge observations and satellite data into 2.5 Â 2.5 global grids available at: http://iridl.ldeo.columbia.edu/ SOURCES/.NASA/.GPCP/.V2p3/.CDR/.precip/.
The observed sea surface temperature is from version 3b of the National Oceanic and Atmospheric Administration (NOAA) National Climate Data Center (NCDC) Extended Reconstructed Sea Surface Temperature (ERSST) (Smith et al., 2008) , which is a globally gridded monthly dataset with a spatial resolution of 2.0 Â 2.0 from 1854 to the present. The data can be obtained online from: http://iridl.ldeo.columbia.edu/expert/SOURCES/. NOAA/.NCDC/.ERSST/.version3b/.sst/.
Results and discussion
Comparison of pressure and temperature from ERA5 Reanalysis and meteorological sensors
The pressure and temperature values at the 13 GPS stations over the investigated region were estimated using ERA5 reanalysis model levels interpolated to station heights.
To validate the accuracy and performance of the ERA5 pressure and temperature, these parameters were compared to data from the meteorological sensors at the 5 GPS stations. Taking sensor meteorological data (MET) as reference, Table 3 presents the mean bias and RMSE values of pressure and temperature differences between the ERA5 estimates and the 5 GPS stations sensor data for a period of at least 2 years (2013 to the beginning of 2015). Figs. 2 and 3 show the scatter plots for pressure and temperature values. The overall mean bias and RMSE for pressure values are À0.36 hPa and 0.72 hPa respectively, with correlation coefficients ranging from 0.976 to 0.996. The absolute biases of the interpolated pressure as presented in Table 3 are all below 1.6 hPa and according to the error propagation law, this would produce approximately 3.6 mm of error in ZHD (Jiang et al., 2016) , which is equated to about 0.5 mm bias in the resulting GPS PWV (Zhaoyang et al., 2019) .
From Table 3 , the mean bias values from the sensor and ERA5 temperature differences at the stations are under 0.7 K with a maximum value at 0.62 K (DODM). This exhibits a good agreement between the two datasets. The overall mean bias and RMSE of the interpolated surface temperature at the 5 stations are 0.40 K and 1.04 K respectively. Zhaoyang et al. (2019) also reported the range of the seasonal bias from the ERA5 reanalysis temperature data as 0.40 K over the coastal regions of China.
Comparison of the different T m calculations
In this study, we compared T m obtained from ERA5 Eq. (8), Bevis et al. (1992) regression Eq. (9) and Yao et al. (2014) regression Eq. (10). The surface temperature, vertical profiles of water vapor pressure and temperature (in Eq. (8)) from ERA5 were employed and Table 4 summarizes the statistics of T m comparisons among the three data sets using 4 years (2013) (2014) (2015) (2016) data. The T m from ERA5 is considered to be the most accurate among the T m estimates at the sites. The difference between the ERA5 and Bevis T m at all the sites shows that the overall mean bias and RMSE are 1.12 K and 2.05 K respectively. However the mean bias Table 3 Mean Bias (MnB) and RMSE between the interpolated and measured meteorological parameters from ERA5 reanalysis surface meteorological data at 5 stations.
Site
Pressure ( . 2 . Scatter plots of ERA5 pressure versus meteorological sensors pressure for the five stations that have meteorological sensors co-located. Fig. 3 . Scatter plots of ERA5 temperature versus meteorological sensors temperature for the five stations that have meteorological sensors co-located.
at individual stations varies between À0.49 K and 2.62 K.
The RMSE values at individual sites vary between 1.11 K and 4.47 K.
The difference between the ERA5 and Yao T m at all the sites shows that the overall mean bias and RMSE are 0.50 K and 2.05 K respectively. The bias at individual stations varies between À1.02 K and 2.13 K with most sites below 1.7 K whereas the RMSE values at individual sites vary between À1.24 K and 4.64 K.
From both comparisons, MTDK has the highest RMSE (4.47 and 4.64 K) values and this could be attributed to the extrapolation errors in the vertical profiles of data employed. This station has the biggest height difference of À582.20 m in altitude between the station and the surface ECMWF interpolated model level as compared to other stations (see Table 1 ).
Generally the difference between ERA5 and Yao T m at all the sites shows a decrease in the overall mean bias by 0.62 K, and RMSE by 0.03 K as compared to the difference between ERA5 and Bevis T m . The slightly better performance of the Yao T m , with respect to ERA T m as compared to Bevis relationship might be explained by the highly variable geography and climate of the East African tropical region compared to United States which is used in the Bevis calculation.
Comparing this study with the study by Namaoui et al. (2017) , a lower limit of the mean bias between Bevis T m and ECMWF reanalysis T m (À0.03 K) is observed in this study as compared to 2 K for Algeria. This might be explained by the differences in climate. Algeria belongs to subtropical zone where the dominant climate is hot and dry (Namaoui et al., 2017) . The higher accuracy of the T m from this study could also be due to the use of high resolution ERA5 reanalysis dataset as compared to the ERA-Interim Namaoui et al. (2017) applied.
The overall RMSE in the T m estimated by the T m -T s relationships from Bevis and Yao with respect to ERA5 T m in the region under study, is within the range reported by other studies e.g (Davies and Watson, 1998; Liou et al., 2001; Baltink et al., 2002; Bokoye et al., 2003) .
Comparison between GPS ERA5 PWV and GPS MET PWV
The daily GPS PWV determined based on ERA5 interpolated pressure, temperature (GPS ERA5 PWV) and ERA5 T m at the 5 stations is compared with the GPS MET PWV derived from sensor pressure and temperature. The GPS ERA5 PWV values are taken as reference values in assessing the GPS MET PWV.
The results in Table 5 show that the two datasets highly correlate, with correlation coefficients ranging between 0.992 and 1.00.
It is observed that at individual sites, biases are in the range of À0.59 mm and À0.01 mm. The bias values of PWV are all negative, showing that the GPS ERA5 PWV estimates are lower than those from GPS MET PWV.
The RMSE values at the 5 stations are in the range of 0.19 mm-0.46 mm with exception of ARSH station with a RMSE value of 0.90 mm. The comparisons between the two datasets clearly demonstrate that GPS ERA5 and GPS MET PWV are almost similar.
The higher RMSE at ARSH was due to the observed L2 data loss in some ARSH data files, exposing the results to a very active ionosphere over this low latitude area. The loss of GPS L2 data reduces the accuracy of the GPS ZTD (Jiang et al., 2016) , and this further leads to a decrease in the GPS PWV accuracy.
The results in this study, with the exception of ARSH, are in agreement with the study by Wang et al. (2017) . They also observed that the RMSE are in the range of 0.1-0.7 mm in the tropics when the PWV computed using reanalysis T m was compared to PWV (Bevis) . The results are also in agreement with the study by Zhaoyang et al. (2019) . They showed that data based on GPS PWV products that used interpolated parameters from ERA5 were very close to those of meteorological observations, with average mean bias of AE0.4 mm and RMSEs below 0.5 mm in most areas. These data also strongly agreed with radiosonde observations. Therefore, the accuracy of deriving GPS PWV using pressure and temperature estimates from ECMWF reanalysis data in the region under study is reliable compared with GPS PWV derived from surface/ sensor meteorological data because their errors are in the range of the other quality GPS-derived PWV.
Comparison between ERA5 and GPS ERA5 PWV
Daily mean PWV data from ERA5 (ERA5 PWV) is compared with GPS ERA5 PWV at the 13 stations, to represent the distribution of the GPS sites over the East African tropical region. Fig. 4 and Table 6 show the scatter plots and statistics of the two datasets. High correlation exists between the datasets as demonstrated in figures with correlation coefficients ranging between 0.943 and 0.988. However, the correlation coefficients for stations near the equator (in region between latitudes 4 S and 4 N) are observed to be slightly lower (0.943-0.970) than those in the southern region between latitudes 12 S and 4 S (0.980-0.988). This could probably be due to the limitations of the ECMWF re-analysis to represent the high spatial and temporal PWV variability in humid regions and the complex terrain of the region under study.
From Table 6 , the mean bias values at individual stations between ERA5 and GPS ERA5 PWV, are in the range À0.26 to 1.20 mm with an overall average bias value of 0.40 mm. The RMSE values are in the range 1.35 mm to Fig. 4 . Scatter plots of ERA5 versus GPS ERA5 PWV for the 13 stations. Tables 1 and 6 ). The large height difference causes a significant error in the height reduction of the pressure and PWV (Vey et al., 2010) and also in ERA5 T m . The errors are assumed to be generated by altitude extrapolation method. Generally, the observed ERA5 PWV -GPS ERA5 PWV RMS errors (1.35-2.25 mm) observed in this study are in the range of 1 mm to 3 mm, consistent with previous studies such as (Li et al., 2003; Gendt et al., 2004; Deblonde et al., 2005; Wang et al., 2007) . However, comparison with studies from Africa e.g. Mengistu et al. (2015) and Namaoui et al. (2017) show the results in this study to be relatively lower. This may probably be due to accuracies of surface meteorological observations applied in these studies and the variations in the climatic conditions. For example, some of the meteorological observations applied by Mengistu et al. (2015) were derived from GPT while the study carried out by Namaoui et al. (2017) was in a subtropical zone.
Variation of PWV over East Africa tropical region
Figs. 5 and 6 show monthly averages of the PWV from 2013 to 2016. It is observed that the PWV seasonal variability over the East African tropical region is characterized by different behaviors as demonstrated in Figs. 5 and 6 depending on the area in which the station is located. Stations near the equator i.e. in region between latitudes 4 S and 4 N exhibited a different behavior from stations in the region between latitudes 12 S to 4 S. It can be noticed that there is a good agreement between the monthly averages of the two datasets. It is observed that most of the peaks in the PWV time series caused by rapid changes in the water vapor content are captured well.
From Fig. 5 , the average values, display an increase in PWV from minimum values in February up to maximum values in April at all the stations within that region after which the values slightly decrease to minimum values between July and September. The average values of PWV then increase gradually to another maximum values in November. However, the maximum average values of PWV in April are higher than those observed in November. The two datasets exhibit a double peak in PWV, in April -May and October -November, for stations in the region between latitudes 4 S and 4 N. The same findings were also reported by Bock et al. (2007a) . They observed that stations located near the equator exhibit a double peak in PWV, in April -May and October -November. Comparing Figs. 5-7, there is a strong correlation between precipitation and PWV. Fig. 7(a) shows precipitation and the Western Indian Ocean sea-surface temperature (WEIO SST) for the region near the equator (between latitudes 4 S and 4 N). This figure compared with Fig. 5 shows that April and November with high peaks of PWV values are associated with the peaks of the rainy seasons in this region. Also according to Abraha et al. (2015) , rainfall is associated to water vapour content in the atmosphere however, the presence of high quantities of water vapour does not mean that there will always be rainfall. The equatorial East African region has double-peak regimes with rain in most parts by March to May (long rain) and October to December (short rain) seasons (Ndomeni et al., 2018) . This seasonal cycle is strongly created by north-south movement of the intertropical convergence zone (ITCZ) across the region (Anyah et al., 2006) . This might also be the reason for the double peak in PWV, in April-May and October -November. The lower average PWV values in November as compared to April might be due to the Western Indian Ocean SST being lower in October-November-December as it might also be the cause of short rains in the same season as observed in Fig. 7(a) . Yang et al. (2015) also reported that the OND season receives low rainfall amount as compared to the MAM season due to the Western Indian Ocean sea-surface temperature (SST) being lower in OND which results into a slightly drier and more stable atmosphere.
From Fig. 6 , the average values of PWV decrease gradually from the highest values in January to the lowest values between June and September, then gradually increase to maximum values in December. The inter-annual variability of PWV for stations in the region between latitudes 12 S and 4 S, has one marked peak in December -January for the two datasets. This region as presented in Fig. 7(b) is also characterized by unimodal rainfall distribution spanning from November to April. The same findings were also reported by Favre et al. (2011) . It is part of southern Tanzania and exhibits single peak regimes with a summer maximum corresponding to the ITCZ because of its location in the southern hemisphere (Camberlin, 2018) .
Figs. 5 and 6 have clearly exhibited fluctuations in the PWV datasets across the different months and stations, with one or two minimums or maximums, probably describing the two distinct seasons in East African tropical region. Generally PWV variations exhibited significant seasonal dependence, with larger values in April and November for a region near the equator (the region between latitudes 4 S and 4 N), and in December-January for the region between latitudes 12 S and 4 S. As observed in Figs. 5-7, changes in PWV can be used to predict precipitation. In a study carried out by Hollway and Neelin (2010) about the temporal relations of column water vapour and tropical precipitation, it was also reported that there is an autocorrelation time of PWV compared to precipitation.
The average values of GPS PWV for different seasons are analysed over the East African tropical region, as presented in Table 7 . Fig. 8 shows seasonal mean of PWV from ECMWF reanalysis data from 2013 to 2016 for the four seasons. The different seasons considered in this study include March-April-May (MAM), June-July-August (JJA), September-October-November (SON) and December-January-February (DJF). These represent the spring, summer, autumn and winter in the Northern Hemisphere and the autumn, winter, spring and summer in Southern Hemisphere (Jin et al., 2009; Abraha et al., 2015) .
From Table 7 , the average values of PWV at most GPS sites in the region between 4 S and 4 N are maximum in spring season (MAM) with average PWV values ranging between 20.57 mm (MOIU) and 47.83 mm (MAL2). The lowest average values in this region are observed during summer (JJA) with values ranging between 20.33 mm to 38.58 mm. The average values of PWV at GPS sites in the region between 12 S and 4 S are maximum in summer season (DJF) with average PWV values ranging between 29.02 mm (MBEY) and 50.04 mm (MTVE). The lowest average values in this region are observed during winter (JJA) with average values ranging between 11.98 mm to 29.45 mm because Southern Tanzania belongs to the southern Hemisphere. The stations within coastal sites (MTVE and MAL2) are also shown in Fig. 8, they show the highest PWV content (above 40 mm) and this is influenced by the low elevation (also see Fig. 9 ), proximity to the Indian Ocean, the related high temperature and humidity (Abraha et al., 2015) among other factors. Also according to Fig. 8 , regions near the Indian Ocean show the highest amount of PWV for all four seasons. Following Fig. 8 , there is a consistent low PWV region in all the four seasons, which is mostly in Kenya. This is related to the elevation of that region which is relatively high over 2000 m. According to Fig. 9 , the mean PWV values decrease with increasing Table 7 The average and seasonal mean PWV (mm) as determined from the 13 ground-based GPS receivers used in this study. altitude due to the atmospheric pressure decreasing with the increase in height.
Conclusion
Lack of accurate surface pressure and temperature measurements affect the accuracy of the Global Positioning System (GPS) Precipitable Water Vapour (PWV) products. However, NWP dataset can be used as an alternative to obtain the required meteorological parameters necessary for the GPS PWV derivation.
The comparison of sensor surface pressure and temperature and ERA5 pressure and temperature shows an agreement with an overall average RMSE of 0.72 hPa and 1.04 K, respectively. Because interpolation and extrapolation of ERA5 data generated surface meteorological parameters with acceptable accuracies, the study demonstrated that it can serve as a complement to the present ground based GPS meteorological observation networks.
In this study, the T m results derived from ERA5, the Bevis and Yao T m -T s relationships are compared for the period 2013-2016 at the 13 station over the East African tropical region. In comparisons, the T m derived from ERA5 profile was used as the reference. The bias and RMSE values between ERA5 T m and Bevis T m at most of the sites are in the range of À0.49 K to 2.62 K and 1.11 K to 4.47 K with an average mean bias and RMSE of about 1.12 and 2.05 K respectively. The bias and RMSE values between ERA5 T m and Yao T m at most of the sites are in the range of À1.02 K to 2.13 K and 1.24 K to 4.64 K with an average bias and RMSE of about 0.50 and 2.02 K respectively. The RMS errors in this study indicate that the Yao T m -T s relationship slightly outperforms Bevis T m -T s at most of the stations.
The performance of PWV from sensor pressure and temperature (GPS MET PWV) at the 5 stations equipped with meteorological sensors compared to GPS PWV computed from interpolated ERA5 pressure and temperature values (GPS ERA5 PWV) was investigated. The GPS ERA5 PWV was used as the reference for the performance assessment of the two sets of GPS PWVs. The RMSE values at the sites for the two datasets are in the range of 0. 19 mm-0.90 mm with an average RMSE of 0.44 mm.
The comparison between the PWV determined from ERA5 (ERA5 PWV) and GPS ERA5 PWV at the 13 GPS stations was also performed. The comparison shows that the RMSE values at most of the sites for the two datasets are in the range of 1.35 mm-2.25 mm with an average RMSE of 1.66 mm.
The PWV seasonal variability over the East African region exhibited two different behaviors with stations in the regions between latitudes 4 S and 4 N and between latitudes 12 S to 4 S having unique but similar behavior. Stations in region between latitudes 4 S and 4 N were found to have a seasonal variation with highest values observed during spring and lowest values during summer. Stations in region between latitudes 12 S and 4 S were found to have a seasonal variation with highest values observed during winter and lowest values during summer. However, further analysis about the variability and trends in PWV and some of the processes influencing them over the East African tropical region is required.
